Cracks are one of the hidden dangers in concrete dams. The study on safety monitoring models of concrete dam cracks has always been difficult. Using the parametric statistical model of safety monitoring of cracks in concrete dams, with the help of the semiparametric statistical theory, and considering the abnormal behaviors of these cracks, the semi-parametric statistical model of safety monitoring of concrete dam cracks is established to overcome the limitation of the parametric model in expressing the objective model. Previous projects show that the semi-parametric statistical model has a stronger fitting effect and has a better explanation for cracks in concrete dams than the parametric statistical model. However, when used for forecast, the forecast capability of the semiparametric statistical model is equivalent to that of the parametric statistical model. The modeling of the semi-parametric statistical model is simple, has a reasonable principle, and has a strong practicality, with a good application prospect in the actual project.
Introduction
In an investigative report on the state of dams, the International Committee on Large Dams points out that the majority of concrete dams in various countries have cracks, in which a total of 243 dams have collapsed due to these cracks [1] . Cracks are one of the hidden dangers in concrete dams, which are greatly dangerous to their safety. Serious cracks will deteriorate the strength and stability of a dam's body structure, damage its integrity and antipermeability, accelerate the carbonization and corrosion of concrete, and endanger its safe operation [1] . Around the world, there have been many dams whose operations were affected due to cracks, such as the solid gravity dam in Dworshak in America [2] . It has a height of 219 m, and during its construction, there were no serious structural cracks, but after operating for several years, cracks were found on nine of the dam's sections, in which the crack on section 35 was the most serious, with a depth of 50 m, a width of 2.5 mm, and a water percolating capacity of 483 L/s. In addition, the Zillergrund arch dam in Austria, the Zeuzier arch dam in Switzerland, the Revelstoke solid gravity dam in Canada, the Sayano-Shushenskaya gravity arch dam in Russia, the Koyna gravity dam in India, the Pacoima arc dam in America, and the Sefid Rud buttress dam in Iran were also seriously affected by cracks.
Up to now, the key technologies of concrete dams are still very difficult subjects to research on, with aspects such as evolution law, development trends, and abnormal instability to consider. Crack aperture is an important parameter for determining a crack's development, evolution, and how it would deform a dam's structure. It is significant to establish an appropriate mathematical model in order to accurately determine the aperture of cracks and the changes on their pattern, so as to judge whether these cracks have rendered the dam unstable and to monitor the changes in the concrete dam's structure to prevent accidents from occurring. To this end, Wu and Gu [3] proposed the parametric statistical model of safety monitoring of cracks in concrete dams, with hydraulic pressure, temperature, and timeliness as its main factors, and this method has been widely applied in several projects. However, in affecting a crack's aperture, hydraulic pressure and temperature sometimes are not mutually independent variables. There exists a nonlinear correlation between them, and it is difficult for the parametric statistical model to separate various components, and the relevant components of such nonlinearity are partially transferred to the residual error. It is thought in this statistical model that flexible crack deformations caused by hydraulic pressure and temperature loads are recoverable, while the crack deformations caused by time are unrecoverable. However, due to hydraulic pressure and temperature, the stress field at the tip of a crack has a singularity, making further irreversible damages. This deformation is not part of the hydraulic pressure and temperature components of this model, but it is part of the residual error component [4] . By further studying the abnormal behaviors of cracks in concrete dams [5] [6] [7] , it is found that, when such abnormal behavior is observed, mutation occurs to the crack's aperture sequence. In this model, hydraulic pressure, temperature, and timeliness components are the continuous functions of corresponding factors. The combination of hydraulic pressure, temperature, timeliness, and crack aperture components generate a residual error.
Based on the problems stated previously, many scholars have modified and improved the parametric statistical model of safety monitoring of cracks in concrete dams. Reference [8] regarded a concrete dam as an uncertain system and adopted the approximate reasoning model and information distribution method to establish the uncertain model of concrete dam crack aperture. Reference [2] introduced two factors, namely, crack depth and crack initial aperture, to improve the parametric statistical model. Reference [9] studied the influence of crack length on the crack aperture and established the crack abnormality monitoring model in combination with the crack safety monitoring theory and its abnormality diagnosis method. Reference [10] studied the general principle of the statistical and chaotic hybrid forecast model and proposed that such model be used for measuring concrete dam crack aperture. Reference [11] applied the RS rough set theory to simplify the property and sample set of crack monitoring information and the BP neural network for model training to simplify the sample set and proposed a crack aperture monitoring model based on such RS-BP coupling. Reference [12] established a hybrid model of safety monitoring of concrete dam aperture by analyzing the relation between land change and crack aperture. These studies show that the existing models are still based on the parametric statistical model these models do not solve the relevant and nonlinear problems that are posed by the such statistical model, and they are also unable to measure the abnormality of a crack's behavior.
As a result, considering the problems in the parametric statistical model and by introducing the nonparametric component of concrete dam cracks to express the influence in crack openings, this paper establishes the semiparametric statistical model of safety monitoring of cracks in concrete dams to overcome the limitations of the parametric model.
Construction of Semiparametric Statistical Model of Safety Monitoring of Cracks in Concrete Dams
In the semiparametric model, the function model is divided into three parts, namely, a finite-dimensional parameter [13] proposed smoothing spline estimation methods, Eubank et al. [14] studied the trigonometric series estimation method, Ivanov and Leonenko [15] studied large sample properties of errors' semiparametric models under long-range dependence, Shi and Chai [16] proposed the basic theory and estimation methods of the semiparametric regression model with the smoothing least squares local polynomial, Zen [17] studied statistical diagnostics with the semiparametric generalized linear model, Hu [18] studied the strong consistency of wavelet estimators in martingale difference using the semiparametric regression model, and Ruppert et al. [19] systematically studied the semiparametric theory and methods. For the theories and methods in kernel estimation, S. Wang and C. Y. Wang [20] studied the semiparametric model kernel estimation when the covariate is lost or when measurement errors occur, Hong [21] studied the data-driven kernel density estimation in the semiparametric regression model, Robinson and Henry [22] studied high-level nuclear semiparametric estimation under long-range dependence, Manzan and Zerom [23] studied kernel density estimation with partial linear additive model, Hjort and Walker [24] studied the kernel density estimation in optimal window width, Hagmann and Scaillet [25] studied bias correction of asymmetric kernel density estimation, and Song [26] studied the moderate bias of deconvolution kernel density estimation when the measurement errors are smooth and are stationarily distributed. Many studies show that, while the semiparametric model is used in solving the complex relationships between estimated parameters and observations, the relative parametric or nonparametric model has obvious advantages which has been widely used in industry, agriculture, economics, medicine, finance, and other fields. The application of the semiparametric regression model in the field of hydraulic structures safety monitoring is a new research tool and method. Currently, there are only a few published studies on this model. Xu et al. [27] took the abstracted principal components as semiparametric regression parameter components, took the remaining ingredients and model error as unknown nonparametric components using principal component analysis to compensate for the principal component regression, and established the dam deformation monitoring mixed regression model in an attempt to apply the semiparametric regression model into the field of hydraulic structures safety monitoring. This paper combines the research results of existing concrete dam safety monitoring models, focuses on fractured abnormality properties, creates the semiparametric monitoring model, and tests the model's validity.
Semiparametric Regression Statistical Model.
In concrete dam cracks, the influence factors are relatively complex. There have been more analyses and studies on the generation and development mechanism of concrete dam cracks, and researchers have posted the following findings [28] : (1) it is thought that the existence of a crack during the construction period is an important reason for the expansion of cracks at a later stage; (2) it is thought that the unfavorable load combination during the operation of the dam is an important factor for the generation and development of cracks; and (3) it is thought that the cracks are influenced by concrete rheology, crack side plastic aperture, and seepage effects, which are important factors for the generation and expansion of cracks. Therefore, the factors influencing the crack's aperture can boil down to the external load (like hydraulic pressure and temperature) over time. Meanwhile, when the material near the top end of the crack reaches the maximum allowable strain, the crack will be expanded. The modification in the plastic zone is considered, and the formula for the crack aperture is described below [29] :
where is the strain near the top of the crack, is the elasticity modulus, is half of the crack's length, * is the radius of the plastic zone, and is the distance to the top of the crack. The previous formula states that a concrete dam's aperture is related to and is the joint result of external load and crack side plastic deformation. Thus, the statistical model of crack aperture can be expressed as
where is the crack aperture, ( ) is the component of crack aperture caused by hydraulic pressure factor, ( ) is the component of crack aperture caused by temperature factor, ( ) is the component caused by timeliness factor, and is the random error term. The principle for the selection of each component in the formula is as follows.
In the regression model, if the factors influencing the explained variable are divided into two parts, that is, 1 , . . . , and 1 , . . . , , according to experience and historical data, it can be thought that 1 , . . . , are the main parts, and is linear with 1 , . . . , . While 1 , . . . , is a certain disturbance factor, the relation between it and is completely unknown, but as its influence is systematical, it is not suitable to include it in the accidental error term. At this moment, if the nonparametric regression model is used for treatment, too much information will be lost. If the linear model is used for treatment, the terms representing error will surely contain systematical components and will no longer conform to the random characteristics of accidental error, thus will make the fitting effect very poor. In this paper, the semiparametric regression model of concrete dam crack openings' monitoring sequence is built.
The general form of the semiparametric model is
where is the response variable, and are the relevant concomitant variables, is the error term, (⋅) is the clear relation between the observation value and some parameters, which is the parametric component of the model, and (⋅) is the part without a clear function relation between the observation value and the parameter, which is called the nonparametric component of the model. The semiparametric model is a widely applied statistical model which is deeply focused on the semiparametric regression model. It includes both the parametric regression and the nonparametric regression models. In the semiparametric model, the linear semiparametric model is a kind of a time sequence model that has been used frequently over the recent years. It does not only include a parametric part, but also a nonparametric part. The linear part controls the overall trend of the explained variable, which is applicable for the extension forecast. Meanwhile, the nonparametric part makes a partial adjustment to the explained variable, which makes the model fit better to the sample observation model. Thus, the linear semiparametric model can be expressed as
where = ( 1 , . . . , ) , ≥ 1 is the unknown parameter,
. . , ( )), and ( ) are the unknown functions defined between [0, 1], = ( 1 , . . . , ) is the random error vector of independent identical distribution, and ( ) = 0, (
, and are the mutually independent parameters.
The estimation problem of the semiparametric model is a point estimation problem of Euclidean space with infinitedimension nuisance shape parameter, and the estimation methods that are more focused on are the least-square method kernel estimation, spline estimation, partitional polynomial estimation, and trigonometric series estimation [30] . These methods are adopted in this paper to solve the parameter estimation problem of the semiparametric model.
Assuming the probability density kernel function as (⋅) and ℎ > 0 on, for the selected point , the kernel function ( ) is computed as
Assume that is known, the nonparametric kernel estimation of ( ) is made based on { − , } −1 :
The residual error of observation is calculated as = +̂( , ) − , wherê( , ) is expressed as = ( − )( − ) in vector form, and then it is obtained from the least-square criterion:
The normal equation of the previous formula is
If is of full rank, then ( − ) ( − ) is nonsingular. The least-square estimation of iŝ
Substitutinĝinto the previous formula gets the estimation̂( ,̂) of ( )
As analyzed previously and in consideration of the parametric statistical model, the semiparametric regression model can be expressed as
where is the water depth, is the temperature measurement value, is the time-related influence factor, is the random error term, and (⋅) is the part without clear function relation between the crack aperture and the parameter, which is called the nonparametric part of the model. For the nonparametric part (⋅), it is usually considered to be the systematic error or bias of the model in the general analysis. However, in the semiparametric model, it has a special meaning. Recent studies show [5] [6] [7] that concrete dam crack extension will occur if there is an unfavorable load, which means that its occurrence will lead to changes in the crack openings. According to the basic principles of semiparametric model, additional crack openings are generated due to the abnormality of the cracks' behavior, which largely constitutes the nonparametric part of this model. The nonparametric part of the semiparametric model reflects the abnormal characteristics of dam cracks to some extent, which provides a new idea in the abnormality diagnosis of these cracks' behavior.
The Validation of Semiparametric Statistical Model.
For the regression analysis, if several nonstationary time series in the model are cointegrated, the regression analysis is still effective, and it is unnecessary to worry about problems caused by nonstationarity, such as spurious regression [26] . Take linear regression with variables = 0 + 1 + for example, due to = − 0 − 1 , if { } is smooth, then { − 0 − 1 } is also smooth, which means that either and are stable themselves, or and are single integrations with the same order and have a cointegration relationship. Regression analyses of models under these two cases are valid. Therefore, the model is effective as long as the error sequence is stable. As the stationarity of regression residuals sequence { } and error sequence remains consistent, the stability of { } can be tested by { }. Testing the cointegration among the time series can also test the smoothness of their linear regression residuals sequence. The idea of spurious regression and unit root in nonstationary time series compel us to examine the stationarity of regression residuals sequence.
In this paper, the unit root test method is used to analyze the stationarity of the semiparametric model residuals sequence, which is used for testing the validity of the semiparametric model. First, the regression model of the semiparametric model residuals sequence is established. Second, the characteristic equation of the regression model is extracted. Third, the characteristic roots of the characteristic equation are calculated. Finally, the distance between the characteristic roots and the unit circle are analyzed and compared. If all the characteristic roots are outside of the unit circle, the residual sequence is smooth. Otherwise, the residual sequence is unstable [31] [32] [33] .
For the residuals sequence 1 , 2 , . . . , of the semiparametric model, the self-covariance function ∧ V can be expressed as
where, = (1/ ) ∑ =1 . Among them, the autocovariance function satisfies
According to (13) , the moment estimate
autoregressive coefficient can be obtained, and the moment estimate's formula of white noise variance is computed as follows:
In view of the fact that the order autoregressive model is generally unknown, the order estimation is necessary. When the order is assumed as , the corresponding variance 
where is the residual number of samples and 0 is the upper limit of the model order's value. When QHIC( ) is at minimum, the corresponding is called the QHIC order selection. After the autoregressive model order and the coefficients of the model of crack residuals sequence are determined, 
The roots of the characteristic equation can be calculated according to formula (16) . The minimum root of the characteristic equation is calculated as
where = are all the roots of characteristic equation (16), including possible multiple roots, where = 1, 2, . . . , determine the closest distance between the root of the characteristic equation and the unit circle.
The closest distance between the root of the characteristic equation and the unit circle must be determined. If min > 1, the residuals sequence is smooth and the semiparametric model is proved to be effective; then we model and analyze the cracks data sequence using the semiparametric model.
Project Case Analysis
The crack near the elevation of 105 m at the lower stream of a gravity arch dam is analyzed based on the semiparametric model. This dam is a concrete gravity dam of concentric circle with variable radiuses. The dam's top elevation is 126.3 m, its maximum height is 76.3 m, and it has 28 sections from left to right. The construction of the dam took 12 years, which was executed in three phases. During the casting of concrete in Phase II, the layer was raised quickly and the interval time of casting the layer was short. The shrinkage distortion of concrete in Phase II was strongly constrained by the concrete in Phase I, causing a crack at the top, which extended from dam block number 5 to number 28, with a length of over 300 m. Upon detection, the crack was up to 5 m deep. Due to this, a cross-dam reinforcing grouting treatment was conducted from dam block number 14 to number 20 in 1973. In 1987, the crack was re-treated with epoxy grouting. The 1680 crack mouth opening displacement data monitored by the crack meter embedded in dam block number 18 from October 10, 1974 to December 18, 2006 were analyzed. According to the parametric statistical model, the CMOD statistical model form of the crack aperture can be expressed as
According to the semiparametric regression model, the CMOD semiparametric regression model of the crack aperture can be expressed as
The basic idea of the regression model is to use the explaining variable included in the model to explain the change in the dependent variable as extensive as possible. Without a reference standard or a guiding policy, it cannot be determined if the model that is selected for the empirical analysis is proper. Generally, a good model should meet the following standards: time saving, identifiable, goodness-offit, and consistency in its theoretical and forecasting abilities [34] . The fitting degree of goodness-of-fit can be measured by the calibrated sample determination coefficient 2 and values, which are defined as 2 = ESS/TSS; = [
, where ESS is the regression sum of squares, TSS is the total sum of squares, is the sample capacity, and is the explaining variable and the intercept. It can be seen from the definition of 2 that the closer 2 is to 1, the better the resulting regression fitting will be. It can be understood from the definition of that and 2 change in the same direction. In other words, the higher the values of and 2 are, the better the model fitting will be. By applying the Akaike information standard or AIC, and the Schwarz information standard or SIC, the forecast effect of the regression model can be tested. These two information standards are defined as AIC = exp(2 / )(∑ 2 )/ and SIC = / (∑ 2 )/ , in which is the sample capacity, is the number of variables in the model, and ∑ 2 is the residual sum of squares of the sample. Based on the definitions of AIC and SIC, the previous factors can be deemed as penalty factors to the degree of freedom. The more explaining variables are in the model, the heavier the penalty will be. Relatively, the SIC standard has a heavier penalty than the AIC standard to the degree of freedom. For AIC and SIC, in terms of forecast, the lower the measuring value is, the better the model's forecast will be.
Efficiency, fairness, and consistency are then tested. Efficiency is the ratio between the forecasted value and actual value, so the more the evaluation ratio is approximate to 1, the higher the efficiency will be. Fairness is weighed with the coefficient of variation, which is the ratio between the standard deviation and mean value. For the evaluation of different samples, the evaluation ratio should be the same as much as possible. Consistency means that the evaluation ratio of different samples should not generate progression or regression and that the evaluation result should be consistent with the actual value [35] .
According to the solution method of the parametric statistical model, the measured and fitted CMOD are shown in Figure 1 , and the residual CMOD curve is shown in Figure 2 . Similarly, for the semiparametric statistical model, the measured and fitted CMOD curves are shown in Figure 3 , and the residual CMOD curve is shown in Figure 4 . See Figures 5 and  3 for the parametric and nonparametric CMOD curves, and see Table 2 for the values of regression and fitted goodness coefficients.
It can be seen that (1) in the regression fitting effect to the original crack aperture, the fitted goodness parameters and of the semiparametric regression model are 1.256 +04 and 0.991, respectively, while those of the parametric regression model (Table 1 ) are 1.448 + 03 and 0.926, respectively. Thus, the semiparametric model is superior to the parametric regression model; (2) in the characteristics of the parametric sequence of crack aperture, the residual process of the parametric regression model clearly indicates that the residual error does not display a random model, but a certain system model, that is, the error presents systematicness in size and symbol, in Figure 2 , it presents a relatively strong periodicity. While the randomness of residual process of the semiparametric regression model is relatively significant, it can be seen that the semiparametric regression model has a stronger explaining ability than the parametric regression model to the original crack aperture.
In order to test the validity of the semiparametric statistical model in the safety monitoring of concrete dam cracks, the residual sequence is segmented and the characteristic roots of each period are calculated. As shown in Figure 7 , all minimum eigenvalues of each period are greater than 1.0, indicating that the semiparametric model residuals sequence is stationary; that is, the semiparametric model satisfies the test of validity, the regression analysis on crack sequence can be conducted by using the semiparametric model, and the related forecast monitoring can be carried out. In order to analyze the forecast effect of the semiparametric statistical model, select crack openings in the time period from 2005-1-1 to 2006-12-22 were used as predictive samples. The measured values are compared and predicted (see Figure 8) , and the process curve of prediction error sequence is shown in Figure 9 . Meanwhile, the predicted outcomes of the semiparametric model in typical moments are shown in Table 3 . We can see from Figures 8 and 9 and Table 3 that AIC and SIC amounted to 0.055 and 0.070, respectively, indicating that the forecast effect of these models is good. In particular, for the parametric regression model, its information standards are, respectively, at 0.052 and 0.064, while the information standards of the semiparametric regression models are, respectively, at 0.057 and 0.070. The semiparametric regression model is used for forecast, but the forecast is only based on the parameters, so the forecast effect of the model is relatively poor. However, the information standards of the two models are approximate. It can be seen that the forecast of the parametric regression model is equivalent to that of the semiparametric statistical model without significant difference.
Conclusion
(1) Cracks are one of the hidden dangers in concrete dams, and studying the safety monitoring model of concrete dam cracks has always been a hot topic in such field. The current crack safety monitoring model is the parametric statistical model, which is implemented without fully considering the nonlinear relation between each factor and the irreversible deformation that is caused by hydraulic pressure and temperature loads. The residual error contains plenty of information on both concrete development and evolution.
(2) On the basis of the parametric statistical model and by introducing the nonparametric component of concrete dam 8 Mathematical Problems in Engineering aperture to explain the parts that are imperfectly explained by the parametric model, the semiparametric statistical model of safety monitoring of cracks in concrete dams is established to consider linearity-related factors and to overcome the limitation of the parametric model in expressing the objective model, making this statistical model more appropriate for the objective practice and enabling it to separate system error and accidental error from the error, providing richer calculations for the safety monitoring of cracks in concrete dams.
(3) The semiparametric statistical model is applied in a project, and the result shows that the fitted goodness of the semiparametric statistical model is superior to that of the parametric statistical model. Meanwhile, in the characteristics of the parametric sequence of crack aperture, the residual curve of the parametric statistical model clearly shows that the residual error does not show a random model but a certain system model, while the randomness of the residual curve of the semiparametric statistical model is relatively significant; that is, the semiparametric statistical model has a stronger explaining ability of the original crack aperture than the parametric statistical model. In terms of forecast ability, when the forecast is only based on the parameter of the nonparametric statistical model, its forecast effect is equivalent to that of the parametric statistical model without showing any significant difference.
(4) The semiparametric statistical model is modeled on a simple and reasonable principle and a strong practice, laying a theoretical foundation for the safety monitoring of cracks in concrete dams, with good application prospects in the actual project.
(5) In this paper, studies of the semiparametric statistical model in crack mouth opening displacement have been conducted tentatively, but there are still many issues that need to be studied, such as the following. (1) the parametric section of the semiparametric model is used in predicting crack mouth opening displacement in this paper, and its predictions are the same with the predictions of the parametric statistical model. Therefore, the method of overall prediction using the semiparametric model can become an important research subject in the future; (2) based on this paper's findings, the semiparametric statistical model has a better regression effect in analyzing crack mouth opening displacement. To some extent, the state of abnormality in cracks behavior is reflected in the nonparametric part of the semiparametric model. Thus, the study of the abnormality problem in cracks behavior based on the semiparametric model will also become an important research subject in the future.
